cyte responses exacerbate angiotensin II-dependent hypertension. Am J Physiol Regul Integr Comp Physiol 298: R1089-R1097, 2010. First published February 10, 2010 doi:10.1152/ajpregu.00373.2009.-Activation of the immune system by ANG II contributes to the pathogenesis of hypertension, and pharmacological suppression of lymphocyte responses can ameliorate hypertensive end-organ damage. Therefore, to examine the mechanisms through which lymphocytes mediate blood pressure elevation, we studied ANG II-dependent hypertension in scid mice lacking lymphocyte responses and wild-type controls. Scid mice had a blunted hypertensive response to chronic ANG II infusion and accordingly developed less cardiac hypertrophy. Moreover, lymphocyte deficiency led to significant reductions in heart and kidney injury following 4 wk of angiotensin. The muted hypertensive response in the scid mice was associated with increased sodium excretion, urine volumes, and weight loss beginning on day 5 of angiotensin infusion. To explore the mechanisms underlying alterations in blood pressure and renal sodium handling, we measured gene expression for vasoactive mediators in the kidney after 4 wk of ANG II administration. Scid mice and controls had similar renal expression for interferon-␥, interleukin-1␤, and interleukin-6. By contrast, lymphocyte deficiency (i.e., scid mice) during ANG II infusion led to upregulation of tumor necrosis factor-␣, endothelial nitric oxide synthase (eNOS), and cyclooxygenase-2 (COX-2) in the kidney. In turn, this enhanced eNOS and COX-2 expression in the scid kidneys was associated with exaggerated renal generation of nitric oxide, prostaglandin E2, and prostacyclin, all of which promote natriuresis. Thus, the absence of lymphocyte activity protects from hypertension by allowing blood pressure-induced sodium excretion, possibly via stimulation of eNOSand COX-2-dependent pathways.
inflammation; kidney diseases; T lymphocytes THE RENIN-ANGIOTENSIN SYSTEM (RAS) is a critical regulator of blood pressure and fluid homeostasis. The principal effector molecule of this system, angiotensin II (ANG II) raises blood pressure primarily through activation of type 1 angiotensin (AT 1 ) receptors (11) . The important role of AT 1 receptors in the pathogenesis of hypertension is illustrated by clinical trials that show the impressive efficacy of AT 1 receptor blockers (ARBs) in ameliorating hypertension and its complications, including chronic kidney disease (CKD) and cardiac hypertrophy (3, 13, 37) .
In these trials, RAS inhibition appears to protect from end-organ damage to a greater degree than can be explained solely by blood pressure reduction (3, 63) . Blockade of proinflammatory cellular effects of ANG II represents one blood pressure-independent mechanism through which ARB therapy could protect against target organ injury. For example, ANG II stimulates NF-B activation and interferon-␥ expression in the kidney, and immunosuppression can reverse these effects (8, 45, 46) . Moreover, ANG II can drive lymphocyte proliferation (48) , and mice that are deficient in lymphocyte populations have a blunted hypertensive response to ANG II (25) .
Despite substantial recent progress in understanding the role of the adaptive immune system in the pathogenesis of ANG II-dependent hypertension (25, 46) , several questions remain. First, the mechanisms through which lymphocytes influence the hypertensive response to ANG II are unclear. Second, whether the absence of lymphocytes can protect the heart and kidney from hypertensive injury has not been addressed. Therefore, in the present studies, we employ scid mice that are deficient in lymphocyte activity and are susceptible to both heart and kidney damage to explore the mechanisms through which lymphocytes modulate blood pressure and tissue injury in ANG II-dependent hypertension. To prevent development of infection or spontaneous immunity in the scid mice, all experimental mice were maintained in sterile barrier conditions. These studies used 2-to 4-mo-old male mice.
MATERIALS AND METHODS

Animals. Wild-type (WT)
C3H
Model of ANG II-induced hypertension.
At the initiation of the protocol, C3H WT and scid mice (n Ն 7 mice/group) underwent left nephrectomy followed 1 wk later by implantation of a pressuresensing catheter (TA11PA-C10; Transoma Medical) via the left common carotid artery as previously described (10) . After allowing 7 days for reestablishment of diurnal blood pressure variation, baseline blood pressure and heart rate measurements were recorded for 3 days continuously by radiotelemetry (Transoma) in conscious unrestrained animals. Next, an osmotic minipump (Alzet model 2004; DURECT) was implanted to infuse ANG II (1,000 ng · kg Ϫ1 · min Ϫ1 ; SigmaAldrich) or vehicle (0.9% NaCl, n ϭ 5 in saline groups) continuously for 28 days as previously described (9) . Blood pressure and heart rate measurements continued for 3 wk of ANG II infusion as previously described (9) . On day 25, the mice were placed in metabolic cages, and urine was collected for 24 h. Urinary concentrations of albumin, prostaglandin E 2 (PGE2), and prostacyclin (PGI2) were measured in individual samples using specific ELISAs for mouse albumin (Exocell), prostaglandin E metabolite (Cayman Chemical), and prostaglandin F 1␣ (Cayman), respectively, as previously described (19) . Creatinine (Cr) concentrations were measured with a picric acid-based method using a kit (Exocell). Albumin excretion is expressed as micrograms per milligram Cr.
Histopathological analysis. Following 28 days of ANG II infusion, hearts and kidneys were harvested, weighed, and fixed in formalin, sectioned, and stained with Masson trichrome. All of the tissues were examined by a pathologist (Ruiz) without knowledge of the genotypes or treatment groups. The pathological abnormalities in the kidney were graded based on the presence and severity of component abnormalities, including glomerulosclerosis, mesangial expansion, chronic inflammation, tubular atrophy or casts, fibrosis, and vascular injury. Grading for each component was performed using a semiquantitative scale as previously described (58, 59) where zero was no abnormality and where one, two, three, and four represented mild, moderate, moderately severe, and severe abnormalities, respectively. In the heart, the component abnormalities scored included myocyte injury, interstitial inflammation, fibrosis, and chronic vascular injury with severity ranging from zero (no injury) to three (severe). The total injury score for each kidney or heart was a summation of these component injury scores.
Quantification of mRNA expression. Hearts and kidneys were harvested, and total RNA was isolated by using an RNeasy Fibrous Tissue Mini Kit (for the heart) or a standard RNeasy Mini Kit (for the kidney) per the manufacturer's instructions (Qiagen, Valencia, CA). The gene expression levels of ␤-myosin heavy chain (MHC) and ␣-MHC in cardiac tissue were determined by real-time quantitative RT-PCR as previously described (32) . Gene expression levels in the kidney were similarly determined for interferon-␥, interleukin-1␤, interleukin-6, 5-lipoxygenase, endothelin-1, endothelial nitric oxide synthase (eNOS), tumor necrosis factor (TNF)-␣, cyclooxygenase (COX)-1, and COX-2 using Taqman primers (Applied Biosystems). To separately confirm mRNA expression levels for TNF-␣ in the kidney, we employed RNase protection assay as previously described (8) .
Metabolic studies. In a separate experiment, seven mice from the WT and SCID groups were placed in specially designed metabolic cages (19) , and balance studies were conducted as previously described (9) . Briefly, the mice were fed 10 g/day gelled normal (0.25% NaCl) diet that contained all nutrients and water (Nutra-gel; BioServ). After 1 wk of baseline collections, the animals were implanted with osmotic minipumps infusing ANG II as described above and were returned to the metabolic cages for two more weeks. Urinary sodium content was determined by using an IL943 Automatic Flame photometer per the manufacturer's instructions (Instrumentation Laboratory). Urinary nitrite and nitrate levels were measured using an ELISA kit (Cayman) per the manufacturer's instructions.
Statistical methods. The values for each parameter within a group were expressed as means Ϯ SE. For comparisons between groups with normally distributed data, statistical significance was assessed using ANOVA followed by unpaired t-test. For comparisons between groups with nonnormally distributed data, the Mann Whitney U-test was employed. For comparisons within groups, normally distributed variables were analyzed by a paired t-test, whereas nonnormally distributed variables were analyzed by the Wilcoxon signed rank test.
RESULTS
Absence of lymphocyte activity leads to blunted hypertensive response to ANG II. To study the role of lymphocyte responses in ANG II-dependent hypertension, we used radiotelemetry to measure intra-arterial blood pressure in uninephrectomized C3H WT and C3H scid (SCID) mice at baseline and during 4 wk of chronic ANG II infusion. At baseline, mean arterial pressures (MAPs) in the SCID group were slightly but significantly lower than in the WT controls (105 Ϯ 1 vs. 109 Ϯ 1 mmHg; P Ͻ 0.04). As shown in Fig. 1A , ANG II induced a vigorous hypertensive response in both groups. However, following day 5 of ANG II, MAPs in the SCID group moved progressively lower such that, over the whole ANG II infusion period, average SCID MAPs (138 Ϯ 3 mmHg) were significantly lower than in WT controls (151 Ϯ 1 mmHg; P ϭ 0.001). As shown in Fig. 1 , B and C, systolic blood pressures (SBPs) and diastolic blood pressures (DBPs) followed a pattern similar to the MAPs such that, averaged over the ANG II infusion period, SCID SBPs were 12 mmHg lower than WT SBPs (153 Ϯ 4 vs. 165 Ϯ 1 mmHg; P Ͻ 0.006), and SCID DBPs were 13 mmHg lower than WT DBPs (121 Ϯ 3 vs. 134 Ϯ 2 mmHg; P ϭ 0.001). The blood pressure increase following the initiation of ANG II infusion was associated with a significant decrement in heart rate in both the WT (P Ͻ 0.007; Fig. 1D ) and the SCID (P ϭ 0.001) groups, and overall during ANG infusion heart rates in the WT and SCID groups were similar [579 Ϯ 23 vs. 596 Ϯ 19 beats/min; P ϭ not significant (NS)]. However, following day 5 of ANG II infusion when the blood pressures in the two groups separated because of the decrement in the SCID blood pressures, the heart rate initially rose only in the SCID group (P Ͻ 0.04).
SCID mice have diminished cardiac damage in ANG IIdependent hypertension. As shown in Fig. 2A, 4 wk of ANG II infusion caused marked cardiac hypertrophy in the WT group compared with saline-infused WT controls (7.2 Ϯ 0.2 vs. 4.7 Ϯ 0.2 mg/g; P Ͻ 0.0001). ANG II also induced significant cardiac hypertrophy in the SCID relative to saline-infused scid controls (6.1 Ϯ 0.2 vs. 4.6 Ϯ 0.1 mg/g; P Ͻ 0.0002). However, consistent with the lower blood pressures in the ANG IIinfused SCID mice, this group had ϳ40% less cardiac hypertrophy than the ANG II-infused WT group (P ϭ 0.0007). To determine if the reduced cardiac hypertrophy in the SCID group was associated with less severe cardiac injury, hearts from the experimental groups were scored for evidence of histopathological damage following 28 days of ANG II infusion. The degree of cardiac pathology was mild in the WT group Table 1 ) with significant protection from cardiac fibrosis (0.38 Ϯ 0.14 vs. 0.83 Ϯ 0.17 AU; P Ͻ 0.05; Table 1 ) and a trend toward protection from vascular injury in the heart (0.31 Ϯ 0.13 vs. 0.75 Ϯ 0.18 AU; P Ͻ 0.06; Table 1 ). During the development of cardiac hypertrophy, gene expression in the heart recapitulates a fetal pattern with upregulation of ␤-MHC and downregulation of ␣-MHC (14, 30) . In our experiments, after 4 wk of ANG II, the ␤-MHC-to-␣-MHC ratio in the SCID group (4.3 Ϯ 0.7 AU) was Ͼ50% lower than in the WT controls (10.2 Ϯ 2.9 AU; P ϭ 0.04), reflecting the blunted cardiac hypertrophy in the lymphocyte-deficient mice. Thus, lymphocyte activity enhances the chronic hypertensive response to ANG II and accordingly exaggerates the degree of ANG II-induced cardiac enlargement and damage.
Lymphocyte deficiency protects from ANG II-induced kidney injury. To determine if the lower blood pressures in the ANG II-infused SCID group were also associated with less injury to Fig. 2 . Reduced cardiac hypertrophy and injury in SCID mice infused with ANG II. A: heart weight-to-body weight ratios (mg/g) in the experimental groups following 28 days of ANG II infusion or saline control. *P Ͻ 0.0001 vs. C3H saline. †P Ͻ 0.0002 vs. C3H Scid saline and P ϭ 0.0007 vs. C3H ANG II. B: representative heart section from C3H ANG II group showing mild myocardial injury, mononuclear cell infiltrates, fibrosis, and chronic vascular damage. C: representative heart section from C3H Scid ANG II group (ϫ20). the kidney, we measured urinary albumin excretion in the experimental groups following 4 wk of ANG II infusion. As shown in Fig. 3A , ANG II caused a dramatic increase in albuminuria in the SCID mice (1,238 Ϯ 316 g/mg Cr) and the WT group (1,980 Ϯ 321 g/mg Cr) compared with salineinfused scid (120 Ϯ 47 g/mg Cr; P Ͻ 0.05) and WT controls (88 Ϯ 23 g/mg Cr; P ϭ 0.002), respectively. However, following ANG II, albuminuria was ϳ40% lower in the SCID group than in the WT mice (P ϭ 0.02), suggesting a role for lymphocytes in ANG II-dependent kidney injury.
Following 4 wk of ANG II infusion, kidneys from the WT group displayed moderate levels of pathology characterized by mild mesangial expansion and sclerosis in the glomeruli, sparse interstitial inflammation, and rare fibrosis (Fig. 3B , Table 2 ). Lymphocyte deficiency in the SCID group afforded protection from ANG II-induced renal damage, reducing the score for the severity of overall pathology by 30% from 9.3 Ϯ 0.7 to 6.3 Ϯ 1.1 AU (P Ͻ 0.03; Fig. 3C , Table 2 ). The amelioration in kidney damage in the SCID group was most prominent within the glomerulus (4.7 Ϯ 0.8 vs. 7.0 Ϯ 0.6 AU; P Ͻ 0.03). However, we also noted a trend toward a reduction in tubulointerstitial disease in the SCID mice (1.5 Ϯ 0.3 vs. 2.2 Ϯ 0.2 AU; P ϭ 0.06). Thus, lymphocyte deficiency substantially limited the extent of both functional and histological renal injury in ANG II-dependent hypertension.
SCID mice have exaggerated sodium excretion during ANG II infusion. We reasoned that the lower blood pressures in the SCID mice over the whole ANG II infusion period may have served to protect them from tissue injury. Therefore, to determine if differences in renal sodium handling and intravascular volume might explain the blood pressure differences between the experimental groups, WT and SCID mice were placed in metabolic cages for 1 wk before and 2 wk following the initiation of ANG II infusion. While in the metabolic cages, the animals were fed a gelled preparation containing adequate nutrients and water to minimize differences in intake. Throughout this period, daily weights, urine volume, and sodium excretion were monitored. Overall, sodium excretion was similar between the groups as were total body weights at the beginning and end of the study (data not shown). However, beginning on day 5 of ANG II infusion when blood pressures peaked in both groups and continuing over the next 4 days during which blood pressures fell sharply in the SCID group, cumulative sodium excretion was significantly enhanced in the SCID mice (1.12 Ϯ 0.06 mmol) compared with WT controls (0.93 Ϯ 0.04 mmol; P ϭ 0.02). Over this same period, urine volumes were exaggerated in the SCID group (15.4 Ϯ 0.6 vs. 12.8 Ϯ 0.6 ml; P ϭ 0.01), and total body weight, a sensitive gauge of intravascular volume, declined significantly only in the SCID mice (Ϫ2.5 Ϯ 0.08 g; P ϭ 0.02 for paired analysis of day 5 vs. day 9 ANG II). These data suggest that differences in renal sodium handling contributed to the lower blood pressures in the ANG II-infused SCID group vs. controls. SCID mice have enhanced renal nitric oxide production and eNOS expression. Nitric oxide (NO) in the kidney potentiates pressure natriuresis, and NO production can be regulated by inflammatory mediators (40, 41) . We therefore quantitated urinary nitrate/nitrite excretion as a measure of renal NO production on day 5 of ANG II infusion when the SCID and WT blood pressures initially diverged (Fig. 4A) . We found that urinary nitrate/nitrate levels in the SCID group (1,044 Ϯ 204 nmol/24 h) were more than twice those of WT controls (471 Ϯ 115 nmol/24 h; P Ͻ 0.04), suggesting that the SCID natriuresis may be mediated through a NO-dependent pathway. eNOS is an important mediator of NO production. Moreover, eNOS protects against hypertension (28, 55) and can be suppressed by tissue inflammation (66) . We therefore examined renal expression for eNOS by real-time PCR following saline or ANG II infusion (Fig. 4B) . Following saline infusion, eNOS expression in the kidney was virtually equivalent in the WT and SCID groups (1.00 Ϯ 0.11 vs. 1.03 Ϯ 0.24 AU; P ϭ NS). ANG II suppressed renal expression of eNOS in the WT group numerically but not significantly (0.77 Ϯ 0.06 AU; P ϭ NS vs. WT saline). By contrast, ANG II infusion caused a threefold upregulation of renal eNOS expression in the SCID group such that it greatly exceeded eNOS expression in the ANG II-infused WT group (3.11 Ϯ 1.05 AU; P ϭ 0.03). Thus lymphocyte deficiency permits an induction of eNOS by ANG II, leading to enhanced renal NO production and natriuresis.
The absence of lymphocyte activity leads to alterations in gene expression for TNF-␣ in the kidney during ANG II infusion.
Because scid mice are deficient in lymphocyte activity, we posited that differential expression of inflammatory mediators previously linked to blood pressure regulation or kidney injury might contribute to the differences in blood pressure in our experimental groups. We therefore used realtime PCR to profile gene expression for some of these mediators in the kidneys from the WT and SCID groups after 28 days of ANG II infusion. Renal expression of interferon-␥, interleukin-1␤, interleukin-6, 5-lipoxygenase, and endothelin-1 was similar between the experimental groups (Table 3) . By contrast, we found surprisingly that renal expression of TNF-␣ was exaggerated in the SCID group compared with WT controls (1.00 Ϯ 0.10 vs. 1.57 Ϯ 0.28 AU; P ϭ 0.06). To confirm this unexpected finding, we used RNase protection assay as an alternative approach to measure renal gene expression. With this method, we found that TNF-␣ expression in the SCID kidneys markedly exceeded that of controls (P ϭ 0.01; Fig. 5,  A and B) . Thus, despite lower levels of renal injury, TNF-␣ expression in the kidney is augmented in the setting of lymphocyte deficiency.
COX-2 expression and activity is enhanced in ANG IIinfused SCID mice. ANG II, NO, and TNF-␣ can influence generation of COX-2 in the kidney (7, 16, 53, 54 ). We therefore examined the level of renal expression for COX-2 following 4 wk of saline or ANG II infusion. COX-2 expression in the kidney following saline infusion was comparable in the WT and SCID groups (0.43 Ϯ 0.10 vs. 0.54 Ϯ 0.12 AU; P ϭ NS). Compared with saline, ANG II caused a significant induction of renal COX-2 expression in both the WT (P ϭ 0.02) and the SCID (P ϭ 0.02) groups, but the levels of COX-2 expression in the kidneys from the ANG II-infused SCID mice (1.52 Ϯ 0.19 AU) exceeded those in the ANG II-infused WT controls by 50% (1.00 Ϯ 0.14 AU; P ϭ 0.05; Fig. 6A ). To determine whether lymphocyte deficiency influenced COX-1 generation in this model, we measured renal expression for COX-1 following ANG II infusion and found it to be similar in the WT and SCID groups (1.00 Ϯ 0.18 vs. 1.13 Ϯ 0.24 AU; P ϭ NS; Fig. 6A ).
COX-2 catalyzes the generation of PGE 2 and PGI 2 in the kidney (57) . PGE 2 and PGI 2 , in turn, both inhibit sodium reabsorption in the nephron (6, 22, 26, 27) . Because the SCID group had enhanced renal COX-2 expression and exaggerated sodium excretion in response to ANG II, we used ELISA to measure urinary excretion of PGE 2 and PGI 2 following 4 wk of ANG II infusion. As shown in Fig. 6B , PGE 2 excretion was significantly enhanced in the SCID group (P ϭ 0.05), and there was a trend toward increased PGI 2 excretion in the SCID group as well (P Ͻ 0.07; Fig. 6C ). Thus, in ANG II-dependent hypertension, lym- phocyte deficiency permits an augmentation of COX-2 expression in the kidney that may drive sodium excretion through enhanced generation of vasodilatory prostaglandins.
DISCUSSION
Activation of the RAS promotes blood pressure elevation and the progression of cardiovascular and kidney disease (4, 5, 20) . The role of RAS activation in the pathogenesis of hypertension is highlighted by clinical trials in which ARB and angiotensin-converting enzyme inhibitor therapy effectively controls blood pressure and ameliorates hypertensive heart disease (13, 62) and CKD (3, 37) . Although activation of AT 1 receptors in the kidney is clearly paramount in the hypertensive response to ANG II (9, 24, 39) , several studies have now shown that activation of the immune system by ANG II can contribute to blood pressure elevation and/or tissue damage (8, 25, 45, 46) . For example, pharmacological suppression of inflammatory responses in ANG II-dependent hypertension protects the heart and kidney from injury and, in some models, reduces the magnitude of blood pressure elevation (8, 45, 52) . Nevertheless, the mechanisms through which immunosuppression ameliorates hypertensive end-organ damage have not been fully elucidated.
In the current studies, we examined the role of lymphocyte responses in the pathogenesis of ANG II-dependent hypertension and its associated complications of heart and kidney disease. In our model, hypertension was induced by chronic infusion of ANG II in WT mice and SCID mice, which are deficient in lymphocyte activity (12) . To make the kidney more susceptible to hypertensive injury, one native kidney was removed before the induction of hypertension. In addition, we selected the C3H mouse strain for these experiments both because the development of "leaky" spontaneous immunity that circumvents lymphocyte deficiency is rare on this strain and because the C3H strain is susceptible to progressive kidney injury (34) . Using this approach, we were able to directly assess the role of lymphocytes not only in blood pressure elevation but also in heart and kidney damage during ANG II-dependent hypertension.
In our model, the SCID animals lacking lymphocyte activity have a blunted chronic hypertensive response to ANG II. This finding is consistent with that of Guzik and Harrison (25) using the Rag1-deficient model even though theirs is a two-kidney model of hypertension, and suggests that on susceptible strains lymphocytes can play a significant role in potentiating the blood pressure elevation induced by ANG II. In addition, our studies show that, in the absence of functional lymphocytes, blood pressures peak during the 1st wk of ANG II infusion and thereafter regress. This diminution in blood pressure coincides with enhanced sodium excretion, suggesting that actions of lymphocytes exaggerate the hypertensive response at least in part by promoting salt reabsorption in the nephron. By contrast, in the animal with an intact adaptive immune system, the blood pressure elevation persists such that the average blood pressures during ANG II infusion are markedly higher than in the lymphocyte-deficient animal.
In several studies, cardiac enlargement correlates closely with the degree of blood pressure elevation (9). Thus, the reduced level of ANG II-induced cardiac hypertrophy in the SCID mice is consistent with their muted hypertensive response. The degree of cardiac injury caused by ANG II in the C3H strain was mild with infrequent myocardial injury and fibrosis. Moreover, vascular damage was present in Ͻ10% of the coronary vessels examined. Nevertheless, even against this background of mild hypertensive injury noted in the WT heart, lymphocyte deficiency led to a numerical decrement in all injury components examined and a significant reduction in the severity of overall cardiac pathology. The reduced cardiac injury in the SCID group during ANG II infusion is likely related to their lower blood pressures (9) and is consistent with the finding that suppression of inflammatory responses can concomitantly limit both blood pressure elevation and cardiac injury induced by ANG II (45) . Nevertheless, these findings demonstrate for the first time a direct role for lymphocytes in mediating ANG II-induced cardiac hypertrophy and injury.
In the current model, ANG II also caused significant damage to the kidney both in the glomerulus and the interstitium. However, injury to the renal vasculature was negligible. On the C3H background strain, the glomerular disease was characterized by mesangial expansion rather than frank glomerulosclerosis. Accordingly, the level of albuminuria, a functional measure of glomerular damage, was substantial but not as dramatic as that seen in the 129/SvEv mouse strain, which is susceptible to glomerular injury, particularly in the setting of severe hypertension (8, 29) . In the present studies, the SCID group had a Ͼ30% reduction in both albuminuria and severity of renal pathology. Lymphocyte deficiency protected both the glomerulus and the renal interstitium from hypertensive injury. Thus, although previous studies have shown that immunosuppression can limit ANG II-induced kidney damage (8, 46) , the current experiments are the first to our knowledge demonstrating a direct role for lymphocytes in promoting renal injury in ANG II-dependent hypertension.
Because hypertensive damage to both the heart and the kidney tracks closely with the degree of blood pressure elevation (9, 21) , the protection from tissue damage in the absence of functional lymphocytes is likely related to a blunted hypertensive response to ANG II. We therefore explored the mechanism through which lymphocyte activity promotes blood pressure elevation. Although our scid model and the Rag1-deficient model both illustrate the importance of lymphocyte activity in ANG II-dependent hypertension, the lack of substantial vascular injury in our C3H mouse model contrasts sharply with the Rag1-deficient model using C57Bl/6 mice in which vascular hypertrophy and dysfunction were prominent features (25) . In that study, vascular disease induced by lymphocytes in response to ANG II was posited to augment the hypertensive response. By contrast, in our scid model, the protection from sustained hypertension is more likely related to a renal mechanism in which lymphocyte deficiency permits enhanced sodium excretion following an early peak in blood pressure. Such a finding would be consistent with the hypothesis advanced by Guyton et al. (23, 24) in which the kidney modulates intravascular volume to discourage persistent elevations in blood pressure. In this regard, based on our gene expression analysis, the absence of lymphocytes during ANG II hypertension may facilitate sodium excretion through enhanced renal expression of eNOS and COX-2.
eNOS deficiency leads to hypertension (28, 55) . The preservation of flow-induced vasodilatory responses in peripheral vessels in eNOS Ϫ/Ϫ mice points to a renal mechanism for this hypertension (61), and eNOS deficiency causes dysregulation of sodium handling in the medullary thick ascending limb that is not corrected by activity of the other nitric oxide synthases (50) . As seen in our WT group, eNOS is typically downregulated in the setting of inflammation and oxidative stress associated with RAS activation (38, 66, 67) . However, in our SCID mice, the absence of functional lymphocytes during ANG II infusion leads to augmented renal expression of eNOS, which acts through NO to promote sodium excretion and thereby mitigate the hypertensive response (35, 40, 44) . Accordingly, we have examined urinary NO excretion early during the ANG II infusion period when the WT and SCID blood pressures diverged and found NO production to be exaggerated in the SCID group. Local generation of NO also stimulates COX-2 activity in the kidney (53, 54) , and the absence of lymphocytes in our SCID animals potentiated the induction of renal COX-2 expression by ANG II. The effects of COX-2 in hypertension are admittedly complex with most but not all studies indicating that actions of COX-2 blunt the hypertensive response by promoting natriuresis (2, 51, 64) . However, one salient effect in our model is COX-2-mediated stimulation of PGE 2 and PGI 2 (57), both of which inhibit sodium reabsorption from the renal tubule (6, 22, 26, 27) , and thereby facilitate natriuresis in response to ANG II-dependent hypertension. As such, deficiency of these hormones is permissive to salt-sensitive hypertension (18, 42, 47) .
We posited that lymphocyte deficiency might permit induction of eNOS and COX-2 during ANG II-dependent hypertension by altering the local cytokine milieu in the kidney. Nonetheless, the renal expression of several inflammatory mediators linked to blood pressure elevation or vascular reactivity, including interferon-␥, interleukin-1␤, interleukin-6, 5-lipoxygenase, and endothelin-1 (1, 15, 33, 36, 49) , was not altered by the absence of lymphocyte activity in our model. However, we found that lymphocyte-deficient mice had augmented expression of TNF-␣ in the kidney during ANG II infusion. We speculate that the enhanced TNF expression in the SCID animals may be related to dysregulation of macrophage functions or upregulation of innate immune responses in the absence of adaptive immunity. The enhanced TNF expression in the SCID kidneys was particularly surprising because TNF-␣ has been implicated in hypertensive kidney injury (46) , and global TNF deficiency protects from ANG II-dependent hypertension (60) . We therefore confirmed this paradoxical finding with two separate methods and obtained consistent results. Thus, our data suggest that actions of TNF in hypertension may be governed by its localization within the kidney such that alterations of renal TNF expression due to infiltrating lymphocytes may have effects that are incongruent with those of generalized TNF blockade or deletion. With regard to the current model, we note that TNF can stimulate eNOS activity (31, 65) and COX-2 expression (16, 17) , particularly in the presence of ANG II (43) and may therefore have contributed to the induction of NO and vasodilatory prostaglandins in the setting of lymphocyte deficiency.
Perspectives and Significance
Hypertension associated with RAS activation leads to substantial cardiovascular morbidity and mortality (4, 56) . Blood pressure elevation is a major determinant of heart and kidney injury in the setting of hypertension (21) . Recent studies have demonstrated that stimulation of inflammatory responses by ANG II can potentiate both blood pressure elevation and end-organ damage (8, 45) . In our experiments, the absence of lymphocyte activity during ANG II-dependent hypertension significantly limits the degree of blood pressure elevation at least in part by enhancing sodium excretion. Thus, lymphocyte activation contributes to the pattern of sodium retention induced by ANG II, possibly through regulation of actions of eNOS and COX-2 in the kidney. Moreover, by enhancing the chronic hypertensive response to ANG II, lymphocytes aggravate hypertensive cardiac and renal damage. Therapies to manipulate lymphocyte function may therefore represent a novel and promising intervention for hypertensive patients with progressive end-organ injury despite the use of conventional pharmacological approaches.
